Abstract. Laser Metal Deposition with Powder (LMD-p) has been investigated as a means of Remanufacturing high value components, such as tooling, dies and moulds. However, the LMD-p process is known to develop high levels of residual stresses within the builds, which may have an effect on the mechanical performance of the components. Heat treatment is a common method for stress relieving, however, large components or those undergoing ReManufacturing may not be suitable for conventional stress relieving heat treatments processes, such as those using a furnace. Therefore, localised and dynamic heat treatment using the laser installed on the LMD-p apparatus has been investigated as means of providing stress relieving heat treatment. As such, research to understand the generation and distribution of stresses has been undertaken in conjunction with micro-structural analysis to provide a robust evaluation. A combination of Contour Method, XRD, Micro-Hardness and SEM imaging was used for analysis. Preliminary assessments have largely shown positive results as the specimen with in-process heat treatment has exhibited low and relatively uniform stress fields.
Introduction
ReManufacturing tools and dies is increasing in popularity owing to its time efficiency, waste reduction and cost savings with respect to machine/production down time [1] [2] [3] [4] . LMD-p can selectively deposit material in regions of wear and/or fatigue to extend a product's life or increase its performance, however, a limitation of the process is thermal shock to the substrate and high residual stresses created within the builds. Traditional heat treatment processes such as annealing rely on placing the entire component within a furnace to undergo stress relieving heat treatment.
Industrial interest and government led policy have led to increased research activity in the field of additive manufacturing. In one such project, in a baseline study Stellite ® 21 was deposited on AISI H13 Steel with a standard set of parameters, this build strategy exhibited high stresses [5] . A similar project reported the high stresses in LMD-p Stellite ® 21 to have been reduced through conventional furnace based heat treatment [6] .
Experimental Method
Cylindrical billets of AISI H13 Tool Steel (diameter 21mm x 26mm height) were cut from wrought blocks using EDM and turning, ensuring that the recast layer was removed before deposition. Custom LMD-p apparatus was used to deposit the Stellite ® 21 using a Trumpf TruDisk 2002 1030nm Laser at Laser Additive Solutions Ltd, Doncaster using the process parameters defined in Table 1 . Localised heat treatment was achieved by defocusing the laser beam (increasing the Laser Stand Off distance), lowering the Laser Power and running successive, overlapping passes across the substrate's top surface. The material was preheated to ~450 o C and the temperature was monitored using a LAND ARC Thermal Camera before deposition began. This heating program was then repeated at 6.5mm intervals, with a final heat treatment at build completion as detailed in figure 1 . 
Zavala-Arrdendo developed an equation Eq. 1 in which it is apparent that energy density is a key process driver that is governed by three of the most imperative process parameters [7] . It determines to the amount of energy transferred to a given area (Spot Size) at any given moment.
Each parameter can be independently modified to reach a desired energy density, however, they must be carefully balanced in order to achieve suitable material properties and build speed. Increasing Laser Power to increase energy density will raise thermal gradients and affect cooling rates. If the Feed Rate and or Laser Spot Size are lowered to increase the energy density then the build time will significantly increase, the latter is due to the track width becoming narrower. If large amounts of energy are rapidly transferred to the substrate this will cause: thermal shock, distortion and high levels of oxidisation, therefore, energy must be transferred, incrementally, to avoid the aforementioned defects. 
Micro-Structural Analysis
The characterisation of the micro-structure was carried out on a FEI Quanta 250 FEG SEM at the AFRC. As previously described, the specimens were mechanically ground and polished, but not etched as the commonly used Kallings no. 2 etchant has been observed to adversely affect the H13. A suitable etching method to enhance micro-structure visibility has not yet been found for H13 / Stellite ® 21.
Figure 2. (a) H13 / Stellite ® Interface (b) Stellite Weld Bead (c) Interface Showing Hardness Indentations
Micro-structural analysis revealed columnar grain growth perpendicular to the interface. Similar structures were observed at the build edges. Grain structure within the central bulk of the build was mostly equiaxed, this is most likely a product of slower cooling rates. No significant defects or cracking was observed at the heat-treatment z-levels. Small amounts of porosity (trapped carrier gas) and build defects were observed throughout the build, the magnitude of which did not raise concerns. The H13 revealed a HAZ ranging from ~500µm to ~750µm shown as a lighter coloured region on the images. However, the thermally softened region was not visible by SEM analysis but was revealed in the Micro-Hardness examination (Figure 3 ).
Micro-Hardness Analysis
The specimen was analysed on a Zwick ZHV1 -Micro Vickers Hardness Tester using a 1mm x 1mm matrix and HV1 indentations. Points were carefully aligned with the interface, with a row falling ~500µm either side of the interface as shown in Figure 2 (c) .
Figure 3. Micro-Hardness Contour Map
Measurements were converted as per ASTM E140 -12be1 [8] from Vickers to Rockwell and a contour map (Figure 3 ) was created using Plotly online software. The average value for H13 was 
Residual Stress Measurement -Contour Method
The Contour Method calculates the out of plane residual stress by precisely cutting a specimen into two pieces, measuring the resulting deformation and relaxation due to residual stress redistribution and lastly running a Finite Element simulation {Prime, 2001 #1;Prime, 2013 #12}. The component to be measured is sectioned along the plane of interest using EDM wire erosion. The two cut faces are then measured to determine the surface topology to which a surface contour can be analytically determined. This can be incorporated into a FE simulation to determine the pre-existing residual stresses prior to EDM sectioning. This makes Contour Method a useful tool for assessing complex residual stress fields such as those found in weld interfaces or ALM parts.
The specimen was clamped and cut longitudinally with a 0.25mm wire across the diameter using EDM to create to equal halves, parallel and perpendicular to the LMD-p build as noted in Figure 1 . Cut surfaces were measured using a CMM at the AFRC with a 0.2mm x 0.2mm measurement matrix. A Mitutoyo Crystal Apex C CMM was used with a 1mm diameter Ruby attached to a Renishaw ® PH10T probe. The measured surface topography was prepared using MATLAB ® for a Finite Element simulation in Abaqus™. Using the outline from the CMM a geometry was recreated in Abaqus™ and partitioned into two regions with their respective elastic-mechanical properties Table 4 . Figure 4 shows a compressive residual stress field originating at the interface and extending 3mm into the H13 material. This correlates with the thermally softened region (Figure 3) . A zone of tensile stress adjacent to the build finish in Stellite is displayed with an equilibrated compressive stress region. This is most likely attributed to the accelerated cooling rates experienced. In ReManufacturing some of this tensile zone would be machined away, however, this would not remove these stresses and it is crucial to note that work must be undertaken to analyse stress redistribution and relaxation in such conditions. The specimen exhibited comparatively lower stresses to the baseline process/operation [5] . EDM cutting artefacts introduced errors in the residual stress analysis (grey areas shown in Figure 4 ).
Residual Stress Measurement -X-Ray Diffraction Method
The specimen was examined using a PROTO LXRD diffractometer at the AFRC with using the parameters detailed in Table 5 and the best practice standards set out by the National Physics Laboratory [10] . Round apertures with diameters of 0.15mm and 1mm were used with measurements beginning at the H13/Stellite ® interface in the centre of the build running from (10.5, 26) to (10.5, 21.25 ). Measurements were concentrated at the interface, to capture the transition and magnitude of the axial stresses in the HAZ. Points were then positioned at 0.5mm intervals to capture bulk trends. A Pre-Build H13 specimen without LMD-p was measured to provide guideline stress conditions for the substrate. Care was taken to mechanically polish both specimens in order to remove the recast layer caused by EDM sectioning -they were then electro-polished for 45 seconds to remove any mechanically induced stresses from polishing.
Figure 5. Axial Stresses in Relation to Distance from Interface and Measurement Location Schematic
Elasticity theory for isotropic solids and Hooke's law under plane stress conditions have been combined with the strains in terms of inter-planar spacing under different tilt angles (ψ) obtained from Bragg's Law for diffraction, to produce the stress acting along a specific direction, Eq. 2.
where E is the Young's modulus, ν is the Poisson's ratio, � � inter-planar spacing of planes at a tilt angle ψ to the surface and � � is inter-planar spacing of planes normal to the surface [10] .
In the HAZ, a trend from high tension (~700MPa) to a low compression stress state is observed. Immediately following this (25µm to 125µm) in the 0.15mm aperture series there is a dip to ~50MPa of compressive stresses, this is most likely a localised equilibrium effect caused by the tensile stresses in the HAZ. This effect is not fully observed in the 1mm aperture series due to an averaging effect in the diffraction area, this is a limitation of using a larger aperture. Therefore, future work could use this combination in order to observe localised trends and to validate global trends.
Summary
Preliminary investigation broadly showed positive results as the specimen with in-process heat treatment has exhibited lower and more uniform residual stress fields with respect to the baseline LMD-p specimen [5] . However, thermal softening and axial stresses at the H13 interface appeared greater in the heat-treated specimen. This partially contradicts the results from the Contour Method data, thus warranting further examination of the residual stresses. Crystallographic analysis using EBSD and EDX could be undertaken to examine the possibility of micro-structural alterations influencing these readings. Further mechanical testing and finite element analysis will provide a more comprehensive understanding of the effect of in-process heat treatment on parts ReManufactured using LMD-p.
